Objectives-The differential diagnosis between precapillary and postcapillary pulmonary hypertension (PH) is important for deciding on the appropriate therapeutic strategy. The aim of this study was to assess whether the atrial volume ratio can differentiate precapillary and post-capillary PH.
1
The differential diagnosis between precapillary and postcapillary PH is important for deciding on the appropriate therapeutic strategy because targeted therapies such as endothelin receptor antagonists, phosphodiesterase 5 inhibitors, and prostacyclins are effective only for pulmonary arterial hypertension that is classified into precapillary PH. 2 For the classification of the 2 types of PH, right heart catheterization is widely used as the reference standard method. 3 However, because of its invasiveness, a noninvasive and simple method for differentiating precapillary and postcapillary PH is warranted.
Atrial dilatation is frequently observed in patients with PH because both precapillary PH and postcapillary PH cause elevated right atrial (RA) pressure and RA dilatation, 4, 5 whereas left atrial (LA) dilatation can be observed only in patients with postcapillary PH. We therefore hypothesized that the atrial volume ratio measured by transthoracic echocardiography (TTE) might be a useful marker for differentiating precapillary and postcapillary PH. The purpose of this study was to assess the ability of the TTE-derived atrial volume ratio to differentiate precapillary and postcapillary PH.
Materials and Methods

Study Participants
One hundred fifty-nine patients with PH who underwent TTE and right heart catheterization were retrospectively studied. We defined PH as a mean pulmonary artery pressure of 25 mm Hg or higher by right heart catheterization. Exclusion criteria included patients with chronic or paroxysmal atrial fibrillation (n 5 40), greater than moderate mitral regurgitation or greater than moderate tricuspid regurgitation (n 5 36), congenital heart disease (n 5 3), and poor recording of echocardiographic images (n 5 3). Finally, 77 patients with PH were included in the analysis. We defined precapillary PH as a pulmonary capillary wedge pressure of 15 mm Hg or lower and postcapillary PH as a pulmonary capillary wedge pressure higher than 15 mm Hg, based on a report published by the European Heart Association. 3 All patients were classified according to the Nice classification. 1 Briefly, group 1 was classified as patients with pulmonary arterial hypertension and pulmonary venoocclusive disease, group 2 as patients with PH due to left heart disease, group 3 as patients with lung disease, group 4 as patients with chronic thromboembolic and pulmonary artery obstructions, and group 5 as PH from unclear or multifactorial mechanisms. This study was approved by the Institutional Review Board, and all patients gave written informed consent.
Transthoracic Echocardiography
Transthoracic echocardiography was performed with ultrasound systems from 2 vendors (iE33; Philips Healthcare, Eindhoven, the Netherlands; and Vivid E9; GE Healthcare, Little Chalfont, England). Standard TTE methods and calculations were performed. Right atrial and LA measurements were performed with an Arena version 1.0 system (TomTec Imaging Systems, Unterschleißheim, Germany). The LA volume was calculated by the biplane area-length technique using LAfocused 4-and 2-chamber views, and the RA volume was calculated by the biplane area-length technique using RA-focused apical 4-chamber views and orthogonal views. We defined the 2-dimensional (2D) atrial volume ratio as the RA volume divided by the LA volume measured by 2D methods. Twenty-nine (37%) of 77 patients underwent 3-dimensional (3D) TTE, and the 3D atrial volume ratio was calculated in this population.
Statistical Analysis
Data were statistically analyzed with SPSS version 23.0 software (IBM Corporation, Armonk, NY). Continuous values are presented as means and standard deviations. Normality was determined by the Shapiro-Wilk test.
Normally distributed values were compared by an unpaired t test, and non-normally distributed values were compared by the Mann-Whitney U test. The significance of differences in categorical variables was calculated by a v 2 test. A multivariable linear regression analysis was performed to assess the association between echocardiographic parameters and postcapillary PH. The 2D atrial volume ratio, left ventricular ejection fraction (LVEF), left ventricular (LV) end-diastolic dimension, LV mass index, LA volume index, E/e 0 , LV eccentricity index, and right ventricular (RV) enddiastolic area were entered in the multivariable analysis model. We included the 2D atrial volume ratio and LVEF into a receiver operating characteristic analysis (these parameters were significant and independent parameters in the multivariable analysis). Intraobserver and interobserver variability was assessed with intraclass correlation coefficients. All P values were 2 sided, and P < .05 was considered statistically significant. Table 1 summarizes the characteristics of study participants. Forty-four patients had precapillary PH, and 33 patients had postcapillary PH. There were no significant differences between the groups in terms of age, sex, Data are presented as mean 6 SD where applicable. BP indicates blood pressure; Dd, end-diastolic dimension; DdI, end-diastolic dimension indexed to body surface area; Ds, end-systolic dimension; DsI, end-systolic dimension indexed to body surface area; EDA, enddiastolic area; EDV, end-diastolic volume; EDVI, end-diastolic volume indexed to body surface area; ESV, end-systolic volume; ESVI, end-systolic volume indexed to body surface area; IC, inspiratory collapse; IVC, inferior vena cava; PAP, pulmonary artery pressure; PCWP, pulmonary capillary wedge pressure; and RAP, right atrial pressure. a Precapillary PH (n 5 17); postcapillary PH (n 5 12).
Results
Characteristics of the Study Participants
body mass index, blood pressure, and heart rate. The number of patients in Nice classification group 2 was significantly lower (12% versus 65%; P < .001) for precapillary PH than postcapillary PH. The numbers of patients in group 3 and 4 were significantly higher (66% versus 21%; P < .001; 15% versus 0%; P 5 .03) for precapillary PH than postcapillary PH. The mean pulmonary artery pressure was similar between the groups; however, the RA pressure was significantly higher in postcapillary PH than in precapillary PH.
Echocardiographic Parameters
The mean LVEF was significantly decreased in patients with postcapillary PH than in those with precapillary PH (46.5% 6 18.0% versus 63.9% 6 7.2%; Table 1 ). The LV end-diastolic dimension, LV endsystolic dimension, LV end-diastolic volume, and LV end-systolic volume were higher in patients with postcapillary PH than in those with precapillary PH. The LA dimension, LA area, and LA volume were higher in patients with postcapillary PH than in those with precapillary PH, whereas the RA area and RA volume were not significantly different between the groups. The 2D and 3D atrial volume ratios were significantly higher in patients with precapillary PH than in those with postcapillary PH (2D atrial volume ratio, 1.03 6 0.69 versus 0.50 6 0.19; P < .001; 3D atrial volume ratio, 1.37 6 0.93 versus 0.61 6 0.33; P 5 .01; Table 1 ). We did not find any differences in atrial volume ratios between sexes (2D atrial volume ratio, male, 0.85 6 0.45; female, 0.78 6 0.66; P 5 .64; 3D atrial volume ratio, male, 0.91 6 0.53; female, 1.18 6 1.00; P 5 .40). The mean differences and limits of agreement (61.96 SD) of intraobserver and interobserver variability for the 2D atrial volume ratio were 0.05 6 0.45 and 0.00 6 0.35, respectively. The reproducibility of atrial volume ratio measurement was high, with intraclass correlation coefficients of 0.97 (95% confidence interval [CI], 0.93-0.99) for intraobserver variability and 0.94 (95% CI, 0.88-0.97) for interobserver variability.
Distinction Between Precapillary and Postcapillary
PH by TTE Table 2 shows the results of the multivariable linear regression analysis. The 2D-atrial volume ratio and LVEF were significant predictors of postcapillary PH. 
Discussion
To our knowledge, this article is the first report showing the diagnostic value of the atrial volume ratio measured by TTE for differentiating precapillary and postcapillary PH. The major findings were as follows: (1) the atrial volume ratio was higher in precapillary than postcapillary PH; (2) the atrial volume ratio was a useful parameter for the differentiation of precapillary and postcapillary PH; (3) adding the atrial volume ratio to the LVEF yielded a high AUC of 0.90. Our data showed a significant increase of the atrial volume ratio in patients with precapillary PH than in those with postcapillary PH. This finding could be explained by the fact that the RA volume is increased by a pressure overload due to an elevated pulmonary arterial pressure in both precapillary and postcapillary PH; however, the LA volume is affected by an elevated pulmonary capillary wedge pressure only in postcapillary PH. In our cohort, pulmonary artery pressures were similar between patients with precapillary and postcapillary PH, and there was no significant difference in the RA volume index. On the other hand, the pulmonary capillary wedge pressure was significantly higher in patients with postcapillary PH than in those with precapillary PH, and there was a significant difference in the LA volume index between the groups. The atrial wall is thin and easily affected by changes in atrial pressure. Therefore, pathophysiologic characteristics of each group were well reflected by the change in atrial size. Due to the high prevalence of left heart disease in the post-capillary PH group, there was a difference in the LVEF between the patients with precapillary and postcapillary PH. Therefore, we included the LVEF in the receiver operating characteristic analysis to test the discriminative ability of the LVEF between precapillary and postcapillary PH. The AUC of the LVEF was 0.81, indicating the importance of the LVEF in differentiating precapillary and postcapillary PH. We also investigated the AUC of the combination of the LVEF and atrial volume ratio. Adding the atrial volume ratio to the LVEF showed a high AUC of 0.90, suggesting incremental value of the atrial volume ratio over the LVEF for the differentiation of precapillary and postcapillary PH. This study had some limitations. First, it was a retrospective cross-sectional study including a relatively small number of patients. Therefore, the selection bias was not negligible. A large-scale, more-diverse study is necessary to generalize our observations. Second, in this our study, the RA volume was calculated by the area-length method using the biplane view, RA-focused apical 4-chamber view, and orthogonal view. American Society of Echocardiography guidelines recommended that the RA volume measurement should be calculated by the single-plane area-length or disk summation technique; however, it is also true that single-plane volume calculation might be inaccurate for patients with asymmetric RA enlargement. In our study, a substantial number of patients had asymmetric RA enlargement; therefore, we used the biplane area-length method for RA volume measurement. Third, the 3D TTE software essentially has been developed for assessment of the LV chamber only, not the atrium. Therefore, off-label use of the software might have biased the results.
In conclusion, our results showed that the atrial volume ratio assessed by TTE is a useful parameter for differentiating precapillary and postcapillary PH. 
